These observations prompted us to hypothesize that dystroglycan is expressed by Schwann cells, its norlaminin receptors on the Schwann cell surface play a mal peripheral nerve functions are unknown. Here we crucial role in myelination by binding with and conveying show that selective deletion of Schwann cell dystrosignals from laminin 2. Dystroglycan is an excellent canglycan results in slowed nerve conduction and nodal didate for a laminin 2 receptor involved in myelination, changes including reduced sodium channel density because it is coexpressed with laminin 2 during periphand disorganized microvilli. Additional features of mueral nerve myelination and regeneration after nerve tant mice include deficits in rotorod performance, abcrush injury (Masaki et al., 2000 (Masaki et al., , 2002. Furthermore, M. errant pain responses, and abnormal myelin sheath leprae or M. leprae components that bind DGC, such folding. These data indicate that dystroglycan is cruas phenolic glycolipid-1, cause demyelination in vitro cial for both myelination and nodal architecture. Dys-
). The same it may contribute to the molecular architecture of the node of Ranvier. The loss of DG leads to disorganized result was obtained at postnatal days 1 and 7 (data not shown). Peripheral nerve selectivity of Cre-mediated Schwann cell microvilli and reduced nodal voltagegated sodium (Na ϩ ) channels. Taken together, these recombination and ␤-DG ablation is shown by PCR (Figure 1D ) and Western blot ( Figure 1E ). data indicate that DG plays important roles in myelination and Na ϩ channel stabilization in peripheral nerve. We propose that the laminin-DG axis provides adhesive Abnormal Myelination in P0-DG Null Mice and/or signaling properties necessary for normal mainTo examine if the disruption of DG affected peripheral tenance of the myelin sheath and that DG stabilizes nerve structure, we first evaluated crosssections from Na ϩ channels at the node of Ranvier by maintaining various nerves of P0-DG null mice by light microscopy. microvillus organization and mediating trans Schwann Sciatic nerves from P0-DG null mice at postnatal days cell-axolemmal interactions.
3, 7, and 14 exhibited numerous redundant myelin loops, represented primarily as comma-shaped myelin extensions ( Figure 2B ).
Results
In adult mice from 2 to 24 months of age, myelin loops of a more irregular nature increased in number Generation of Mice Lacking Schwann Cell Dystroglycan and developed into complex shapes. Indeed, numerous irregularly thickened or extensively folded myelin To ablate the DG gene (Dag1) selectively in Schwann cells, we used Cre-loxP methods (Gu et al., 1994). We sheaths were observed in the older P0-DG null mice ( Figures 2D and 2F ). Teased fibers demonstrate that the mated the homozygous Dag1 lox/lox mice (Cohn et al., 2002) with hemizygous mice for the P0 Cre transgene.
excessive folding of myelin sheaths extends throughout the internodal segment ( Figure 2H ) and is not limited to The transgene is driven by regulatory sequences from the whole P0 gene, and Cre-recombinase is expressed the paranodal regions as is sometimes seen in control nerves. These abnormal myelin sheaths were observed selectively in Schwann cells beginning at embryonic day 14.5 (Feltri et al., 1999 enlarged ( Figure 2J ). Axonal loss occurs in aging mutant mice. Although variability of caudal nerve branching patterns and nerve fascicle size make the counting of absoexternal myelin loops were evident ( Figure 3G ). Similar loops protruding into the axons were also observed lute numbers of axons difficult, comparisons of similar sized nerve twigs showed a loss of myelinated fibers (data not shown). Only occasionally were hypomyelinated or demyelinated axons ( Figures 3C, 3G , and 3I) and ( Figures 2K and 2L) .
Next, we performed electron microscopic analysis. onion bulbs ( Figure 3H ) noted. Furthermore, polyaxonal myelination, in which a single myelin sheath wraps a In P0-DG null mice at postnatal days 3 and 7, many redundant myelin loops were observed ( Figures 3A, 3B, cluster of small axons, was observed ( Figure 3D ). Rarely, two myelinated axons were present in the same and 3E). Interestingly, axon processes protrude into the myelin loops in some cases ( Figure 3E) . By 12 months, Schwann cell ( Figure 3E ). The myelin compaction was normal and Schwann cell basal laminae were present extensively folded myelin sheaths composed of multiple in the P0-DG null mice ( Figure 3F ). Myelinated axon loss in the oldest mice ( Figure 2L ) was substantiated by ultrastructural studies of caudal nerve twigs showing empty Schwann cells (bands of Bungner), collagen pockets, and strands of basal lamina not associated with cell processes (Figures 3J and 3K) . These ultrastructural features of axonal loss were less commonly encountered in phrenic, sciatic, tibial, or sural nerves of the same mice (data not shown).
DG-Protein Complex Disruption in P0-DG Null Mice
To gain insight into the mechanism leading to abnormal myelin formation or maintenance in the P0-DG null mice, we examined whether components of the DG-protein complexes are retained in the peripheral nerve of P0-DG null mice by Western blot. In total homogenates of control sciatic nerve, ␤-sarcoglycan (SG), ␦-SG, ⑀-SG, DP116, utrophin, DRP2, and L-periaxin were detected, but ␣-SG and ␥-SG were not ( Figure 4A , data for ␣-SG is not shown). This is consistent with previous reports (Saito et al., 1999; Imamura et al., 2000; Sherman et al., 2001 ). In addition, we observed that sarcospan, ␣-dystrobrevin 1, and ␣1-syntrophin, which are established DGC components in skeletal muscle, were also expressed in peripheral nerve ( Figure 4A ). In P0-DG null sciatic nerve, however, ␤-SG, ␦-SG, ⑀-SG, sarcospan, DP116, ␣-dystrobrevin 1, and DRP2 were lost or severely reduced ( Figure 4A ). These results strongly suggest that these molecules form tight complexes with DG in peripheral nerve and that DG is essential for the stable expression of these proteins. The expression of utrophin, L-periaxin, and laminin ␣2, ␤1, and ␥1 chains was not different from control, and ␣1-syntrophin was only mildly reduced in homogenates from P0-DG null mice ( Figure  4A ). In contrast, utrophin was absent from membrane preparations, while ␣1-syntrophin was only mildly reduced ( Figure 4B ). This suggests a major portion of Schwann cell ␣1-syntrophin is anchored at the membrane by molecules other than DG. ␤1 integrin, an alter- Table 1 .
Schwann cells ( Figure 5C ). This disruption in laminin binding may affect Schwann cell morphogenesis since Schwann cells from P0-DG null mice cultured on lamininability, p ϭ 0.0007) and a shorter latency to first fall coated plates had shorter processes compared to those (mean latency of 38 s versus 91 s; one-tailed permutation from control mice ( Figure 5D ; p Ͻ 0.001).
probability, p ϭ 0.0004). Data from the trial of step-wise increases in rotorod speed were evaluated in a number of ways. At the end of the four-day trial, P0-DG null mice Neurologic Abnormalities in P0-DG Null Mice The P0-DG null mice are indistinguishable by visual obattained a lower average rotorod speed than controls, 13.1 rpm versus 18.3 rpm (one-tailed permutation probaservation from their control littermates until approximately 1 year of age, when a subtle tremor that is accenbility, p ϭ 0.016) ( Figure 6A ). Furthermore, DG null mice were delayed in reaching the first step-up in rotorod tuated with movement is noted. In addition, escape response from light finger stroke is less pronounced speed (one-tailed permutation probability, p ϭ 0.039) and were less likely to be promoted to higher rotorod and slower in P0-DG null mice than in control mice. To quantitatively evaluate neurologic dysfunction in the speeds during the trial (one-tailed permutation probability, p ϭ 0.008). Testing mice on the accelerating rotorod mice, we performed rotorod testing in 14-to 18-monthold animals. During pretrial rotorod training, P0-DG null also demonstrated statistically poorer performance by P0-DG null mice ( Figure 6B ; p Ͻ 0.0001). mice had a greater number of falls than controls (median number of falls 11 versus 1; one-tailed permutation probWe also asked if the P0-DG null mice have sensory of electrophysiological abnormalities in both motor and Amplitude (V) and (2) tein caspr2 were indistinguishable from those in control. In sharp contrast to the normal expression of this broad array of nodal proteins, Na ϩ channel staining was reduced at mutant nodes of Ranvier or dispersed laterally dysfunction by testing the withdrawal response to heat along a broad region of the axon instead of colocalizing and mechanical stimuli. There was a significant increase in a narrow band with ankyrin-G ( Figure 7B ). These abin the withdrawal latency to heat with higher intensities normalities of Na ϩ channel expression were noted in of stimulation, but not lower intensities, in P0-DG null both frozen crosssections and teased fibers. Quantitamice of 12 to 19 months of age when compared to tion of abnormal nodes of Ranvier in teased fibers control littermates ( Figure 6C ). Since higher intensities showed that Ͼ90% had reduced Na ϩ channel immunoof stimulation activate A␦ nociceptors while lower intenreactivity, while Na ϩ channels were dispersed laterally sities activate C-nociceptors (Yeomans and Proudfit, along the axon in another 7% (Table 2) . Comparable 1996), it is possible that there is a selective loss of A␦ abnormal staining was seen with several pan Na ϩ channociceptor activity in P0-DG null mice. There was a signel, Nav v 1.6 ( Figure 7B, B13) , and ␤2 subunit ( Figure 7B , nificant increase in the number of withdrawals to von B14) antibodies. No Na v 1.2 staining was detected. In Frey filaments of all bending forces tested in the mutant contrast, K ϩ channels are not mislocalized at the node mice ( Figure 6D ). The increase in withdrawals was elimiof Ranvier. Mutant nerve fibers had the expected paranated by systemic morphine (Figure 6D ), indicating P0-nodal gap between the node itself and immunoreactive DG null mice are hyperalgesic to mechanical stimuli. K ϩ channels in the juxtaparanodal region (data not shown). Neurofascin/K ϩ channel dual labeling conNerve Conduction Impairment in P0-DG Null Mice firmed that there has been no medial displacement of Due to the severity of myelin sheath pathology and neu-K ϩ channels toward the nodes ( Figure 7B, B15) . Western rologic dysfunction, we investigated nerve conduction blots of peripheral nerve homogenates showed no apin the P0-DG null mice. At 15 months of age, changes preciable loss of total Na ϩ channel protein (data not characteristic of demyelination were seen in several shown), suggesting that the abnormality is solely, or at nerves (Table 1 ). In addition to significantly increased least primarily, one of defective channel stabilization. latency and temporal dispersions of both nerve and compound muscle action potentials (Figure 6E) Control n ϭ 68 (92%) n ϭ 6 (8%) n ϭ 0 (0%) n ϭ 74 DG-null n ϭ 1 (1%) n ϭ 85 (92%) n ϭ 6 (7%) n ϭ 92
Polyclonal pan-Na ϩ channel antibodies were used to assess Na ϩ channel expression in nodes of Ranvier identified as ankyrin-G-positive regions of axons in teased fiber preparations (see Figure 7) . Mice ranged in age from 16 days to 78 weeks. n ϭ 6 for control mice; n ϭ 9 for P0-DG null mice. a Nodes scored as reduced staining had less immunoreactivity at the node of Ranvier without any staining in the adjacent axon (see Figure  7, Nerve Conduction Nerve conduction studies were performed as described previously Histology, Immunofluorescence, and Electron Microscopy (Low et al., 1984) . We measured the amplitude of muscle compound Histopathological studies were performed on P0-DG null and ageaction potential (MCAP) in sciatic-tibial and caudal nerves and nerve matched, littermate control mice between the ages of postnatal day action potential (NAP) in digital and caudal nerves. The MCAP was 3 and 24 months using standard frozen section, epon section, teased recorded from the dorsum of the hindpaw while stimulating at the fiber, and electron microscopic techniques. Between 3 and 10 P0-level of the sciatic notch and ankle for sciatic-tibial nerve. For caudal DG null and control mice were evaluated at each time point prenerve, the MCAP and NAP were recorded from the tail while stimulatsented in the paper. ing at two proximal sites. The NAP was recorded from the ankle while stimulating digital nerve at the digit tip. Recordings were done Antibodies at 35ЊC. The signals were analyzed offline using a digital oscilloAffinity-purified polyclonal antibodies were utilized for ␤-DG Schwann cells were dissociated from chopped distal nerve segagainst ␣-SG, Ad1/20A6, ␥-SG, and 35DAG/21B5 were generated ments using 1.25 U/ml dispase II (Roche), 0.05% collagenase, type in collaboration with L.V.B. Anderson. Rabbit polyclonal antibody 1 (Worthington), and 0.1% hyaluronidase (Sigma) overnight at 37ЊC. was generated against the C-terminal 12 amino acids (CCPN The cells were plated at a density of 3 ϫ 10 4 cells/well onto laminin-VPSRPQAM) of utrophin and affinity purified. Rabbit polyclonal anticoated 24-well plates. Cultures were fed with DMEM, 10% FBS, laminin, monoclonal anti-dystrophin (MANDRA-1), and pan-Na ϩ 1000 U/ml penicillin, 1000 g/ml streptomycin, and 2 mM L-glutachannel antibodies were from Sigma. Monoclonal anti-dystrobrevin, mine. The process length of Schwann cells was measured 5 days clone 23, and anti-moesin were from Transduction Laboratories. after plating. At least 125 processes were measured and statistical Rabbit polyclonal anti-Caspr2 and monoclonal anti-ankyrin-G were significance was evaluated using t test. A laminin cluster assay was from Alomone Labs, Zymed, and Boehringer Mannheim, respecperformed as previously described (Henry et al., 2001 ). tively. Rabbit polyclonal anti pan-Na ϩ channel, monoclonal anti Na v 1.2, Na v 1.6, and Na␤2, and monoclonal anti-␤1 integrin were from Chemicon. James Trimmer kindly provided monoclonal Na v 1.2, Biochemical Analysis For biochemical analysis, tissues were isolated and disrupted with Na v 1.6, and pan Na v antibodies. Anti-K v 1.1 ␣ subunit, clone K20/78, was from Upstate Biotechnology. Peroxidase-conjugated seconda polytron followed by Dounce homogenization in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.6 g/ml Pepstatin A, 0.5 g/ml leupeptin, ary antibodies were purchased from Vector. Cy3-and FITC-conju- 
